ABSTRACT Multiple-mode orthogonal frequency division multiplexing with index modulation (MM-OFDM-IM) improves the spectral efficiency of the conventional OFDM-IM scheme by considering multiple distinguishable constellations for signal modulation. In this paper, we propose a novel scheme, called space-time MM-OFDM-IM (ST-MM-OFDM-IM), to increase the transmit diversity of MM-OFDM-IM. In ST-MM-OFDM-IM, the signal matrix, which consists of multiple signal vectors of MM-OFDM-IM, is transmitted over multiple time slots by following a specific rule. A low-complexity detection is proposed to mitigate the high burden of the optimal maximum-likelihood detection at the receiver side. A closed-form upper bound on the bit error rate is derived to evaluate the performance of ST-MM-OFDM-IM. Moreover, a diversity improving scheme of ST-MM-OFDM-IM is also studied to obtain full transmit diversity. Simulation results verify the theoretical analysis and show that ST-MM-OFDM-IM outperforms the conventional MM-OFDM-IM scheme.
I. INTRODUCTION
Index modulation (IM) technique makes good use of the index(es) of transmission media, such as transmit or receive antennas, subcarriers, time slots or linear block codes, to modulate information bits by some mapping rules [1] , [2] . Since the transmission of index(es) produces very less or even no power consumption, IM exploits a feasible tradeoff between the spectral efficiency (SE) and energy efficiency (EE), or the diversity gain and multiplexing gain, which has the great potential for green communications in the future fifth generation (5G) networks.
Spatial modulation (SM), which first applies the IM concept into the space domain, can be considered as a special case of multi-input-multi-output (MIMO) techniques [3] - [6] . In SM, the information bits are comprised of the index bits and modulation bits. The index bits are conveyed via the index of a single active antenna, and the modulation bits are mapped to a modulation symbol transmitted by the active antenna. Many advantages of SM exist, such as the high EE and free inter-channel interference (ICI). To further simplify the SM system, space shift keying (SSK) is proposed to transmit only the index of the active transmit antenna [7] . However, the critical deficiency is that the SE of SM or SSK is much lower than that of the conventional MIMO system. To overcome this problem, plenty of studies have been done to increase the SE of SM and SSK [8] - [10] . In [8] , generalized SM (GSM) is proposed to increase the SE of SM by activating more than one transmit antennas. Similarly, to improve the SE of SSK, generalized SSK (GSSK) is also proposed to transmit information bits through the indices of multiple transmit antennas [9] . Quadrature SM (QSM) is designed to double the index bits of SM by expanding the modulated symbol into in-phase and quadrature domains in [10] and [11] . In addition, extending SM into spacetime (ST) domain, such as space-time shift keying (STSK), space-time block coded SM (STBC-SM) and time-indexed SM (TI-SM), has been proposed to improve the transmit diversity or performance of SSK and SM, respectively [12] - [14] . Moreover, differential SM (DSM) [15] , [16] , which is also an ST domain extension of SM, is proposed to transmit the additional index bits via antenna activation permutations without the need of the channel state information at the receiver side. On the other hand, a new SM scheme, called receive SM (RSM) or pre-coding SM (PSM), has been developed in [17] , which coveys the index bits via the index of a single receive antenna. By utilizing the pre-coding techniques, such as zero-forcing (ZF) or minimum mean square error (MMSE) per-coding methods, PSM acquires better performance than the conventional SM scheme. Due to this benefit, many related works have been proposed [18] - [20] . In [18] , generalised PSM (GPSM) is proposed to activate more than one receive antennas in PSM. GPSM expanded to the multi-stream system is studied in [19] . In addition, an extension of GPSM into the in-phase and quadrature domains is proposed in [20] , which further increases the SE of GPSM largely.
Recently, the IM concept is also applied into the frequency domain, which is incorporated in orthogonal frequency division multiplexing (OFDM) systems. Subcarrier-index modulation OFDM (SIM-OFDM) [21] is first proposed to transmit index bits by OFDM subcarriers, which is subject to the error propagation effect. To mitigate this problem, enhanced SIM-OFDM (ESIM-OFDM) is then proposed to use one index bit to control two consecutive subcarriers, which activates only one subcarrier in each subcarrier pair [22] . However, compared to the conventional OFDM, SIM-OFDM or ESIM-OFDM has a much smaller SE, especially for a highorder modulation scheme. Therefore, a flexible IM scheme, called OFDM with IM (OFDM-IM), is proposed in [23] , which transmits several index bits via multiple subcarriers. In OFDM-IM, a subset of subcarriers are activated to transmit modulated symbols and the additional index bits are conveyed by the indices of the active subcarriers or the subcarrier activation pattern (SAP). Obviously, some remaining subcarriers are inactive. The index bits can be determined by different mapping methods of SAPs, such as the combinatorial method [23] or the equiprobable subcarrier activation method [24] . In [23] , it can be seen that the OFDM-IM scheme is shown to achieve better bit error rate (BER) performance than the conventional OFDM scheme under the same SE. Attracted by this advantage, many related works have been investigated. The interleaved subcarrier grouping method is applied to improve the BER performance of OFDM-IM without any additional resource [25] , [26] . The optimal subcarrier activation method is studied by maximizing the achievable rate in [26] . Another subcarrier activation method is designed to maximize the minimum Euclidean distance of receive vectors in [27] . It is worth noting that not all SAPs are used to map the index bits in above-mentioned literature, which leads to performance degradation of OFDM-IM. Therefore, the authors in [28] map all SAPs into the index bits by resorting to a specific constellation order. To further improve the transmit diversity of OFDM-IM, the coordinated interleaving OFDM-IM is proposed in [29] , which attains the transmit diversity order of two. Additionally, the OFDM-IM is applied into some practical situations, such as the underwater acoustic communications [30] and visible light communications [31] .
In order to increase the SE of OFDM-IM, more extensions of OFDM-IM have appeared in the literature. In [32] , OFDM with generalized index modulation (OFDM-GIM) and OFDM with in-phase/quadrature index modulation (OFDM-I/Q-IM) are both proposed to increase the length of index bits of OFDM-IM. Besides, to linearly increase the SE of OFDM-IM, MIMO-OFDM-IM is proposed by merging the MIMO and OFDM-IM schemes together [33] . The low-complexity detection methods for OFDM-IM and MIMO-OFDM-IM are depicted in [34] - [36] . It is worth noting that, the inactive subcarriers in all above literature do not carry any information. However, based on the basic concept of OFDM-IM, the (generalized-)dual-mode IM aided OFDM ((G-)DM-OFDM) in in [37] and [38] is cleverly developed by conveying the additional modulated symbols through the inactive subcarriers. In [39] , multiple-mode OFDM-IM (MM-OFDM-IM) is proposed to transmit the modulated symbols by all subcarriers and to use the permutations of different constellation sets to carry index bits.
Motivated by STSK and MM-OFDM-IM, we propose a novel IM scheme, namely ST-MM-OFDM-IM, to increase the transmit diversity or equivalently improve the BER performance of MM-OFDM-IM. Unlike the transmission over a single time slot in MM-OFDM-IM, ST-MM-OFDM-IM transmits a signal matrix over n time slots by following a certain subcarrier activation rule, where n denotes the length of the OFDM subblock. For ease of implementation, a lowcomplexity detection method is also designed to combat the high computational complexity of the optimal maximumlikelihood (ML) detection. We then study the BER performance of ST-MM-OFDM-IM under the Rayleigh fading channels. Specifically, we derive an upper bound on the BER by the union bounding technique and characterize the diversity order of ST-MM-OFDM-IM. In addition, a diversity improvement scheme of ST-MM-OFDM-IM is further proposed to improve the transmit diversity up to n by appropriately selecting some subcarrier activation matrices or index matrices. Computer simulations are conducted to investigate the performance of ST-MM-OFDM-IM. Simulation results show that the ST-MM-OFDM-IM scheme achieves a transmit diversity of two, which significantly reduces the BER of MM-OFDM-IM. It is also shown that the diversity improvement scheme of ST-MM-OFDM-IM indeed obtains a diversity order of n.
The rest of this paper is organized as follows. In Section II, we introduce the system model of the MM-OFDM-IM schemes. The principle and the low-complexity detection for the ST-MM-OFDM-IM scheme are clarified in Section III. Section IV presents the upper bound on the BER and the diversity improving scheme for the ST-MM-OFDM-IM scheme. Simulation results are discussed in Section V. Finally, this paper is concluded in Section VI.
Notations: Upper and lower case boldface letters denote matrices and column vectors, respectively. The complex number field is represented by C. (·) T and (·) H and represent the transpose and Hermitian transpose operations, respectively. I M is an identity matrix of size M ×M . ||·|| and C(·, ·) denote the Frobenius norm and binomial operations, respectively. Q(·) and rank{·} represent the Gaussian Q-function [40] and the rank of the argument, respectively. diag{x} denotes a diagonal matrix whose diagonal elements are drawn from x. X ∼ CN (0, δ 2 ) represents the distribution of a circularly symmetric complex Gaussian r.v. X with variance δ 2 . The probability of an event is denoted by Pr(·). · indicates the floor operations.
II. OVERVIEW OF MM-OFDM-IM
We introduce the MM-OFDM-IM scheme in Fig. 1 , which increases the SE of OFDM-IM by activating all subcarriers [39] . The total N OFDM subcarriers are divided into g groups, each group consisting of n subcarriers with n = N /g. The information bits of length m are split into g blocks, each containing p = m/g bits. For each block, p bits are separated into two parts: p 1 and p 2 bits. Take the α-th block for example, where α ∈ {1, 2, . . . , g}. The first part of p 1 bits is used to select the order of constellation modes {S i α,1 , . . . , S i α,n } corresponding to n subcarriers, where S i α,τ with τ = 1, 2, . . . , n and i α,τ ∈ {1, 2, . . . , n} is the M -ary constellation that is distinguishable from the other (n − 1) constellations. The corresponding permutation indices for
Note that there are n! permutation sets for {S i α,τ } n τ =1 , which leads to p 1 = log 2 (n!) . The mapping method of the p 1 bits to the permutation set can be directly obtained by the look-up table or combinatorial method in [39] . An example of permutation indices with n = 3 and p 1 = 2 is given in Table 1 . The second part of p 2 bits is used to determine the modulated symbol set
which are transmitted through the selected constellation modes {S i α,τ } n τ =1 . It is obvious that p 2 = n log 2 (M ). After obtaining s α,τ for all α and τ , the OFDM symbol vector in the frequency-domain can be expressed by
The following procedure is the same as the conventional OFDM scheme. Applying the N -point inverse fast Fourier transform (IFFT) to the OFDM symbol vector x, we obtain the time-domain OFDM symbol vector
Then, after appending the cyclic prefix (CP) to the beginning of x t and parallel to serial (P/S) conversion, the OFDM signal is transmitted. At the receiver side, the frequency-domain signal is obtained by removing CP and applying FFT
whereh γ andw γ are the channel coefficient and the additive white Gaussian noise (AWGN) at the γ -th subcarrier which are distributed as CN (0, 1) and CN (0, N 0 ), respectively. The SE of MM-OFDM-IM without considering the CP is
Since all groups in the OFDM block are independent of each other, the detection of the permutation indices (or constellation modes) and modulated symbols can be implemented group by group through the optimal ML detection, which can be represented by
From (6), it can be seen that the optimal ML detection requires a high computational complexity of order ∼ O(n!M n ) when n or M is a large value. To figure out this problem, some low-complexity detection methods are proposed to achieve the near-ML/near-optimal performance (Refer to [39] for more details). After obtaining the constellation modes and modulated symbols, total m information bits can be directly recovered by the mode demapper and the signal demodulator.
III. PROPOSED ST-MM-OFDM-IM
In this section, to increase the diversity order of MM-OFDM-IM systems, we propose a novel scheme, namely ST-MM-OFDM-IM, which extends the MM concept into both space domain and time domain. Fig. 2 shows the system model of ST-MM-OFDM-IM. In ST-MM-OFDM-IM, the OFDM block corresponding to N subcarriers are divided into g groups while each group consists of n subcarriers with n = N /g. The m bits are also split into g groups and p bits are allocated for each group with m = pg. Since all groups are independent, we only take into account the α-th group with p bits and n subcarriers for analysis. The p bits are also divided into p 1 and p 2 bits. The first part of p 1 bits, namely index bits, determines the order of the MM matrix, which consists of multiple constellation modes over n time slots and can be expressed as
where j α µ,τ ∈ {1, 2, . . . , n} denotes the mode index at the µ-th time slot with µ, τ ∈ {1, 2, . . . , n]}. S j α µ,τ represents the M -ary constellation, which as similar to MM-OFDM-IM that is distinguishable from each other at the µ-th time slot. The corresponding index matrix of the MM matrix is given by
It is worth noting that the indices in each column (each time slot) should be all different to satisfy the MM-OFDM-IM concept in the proposed scheme. However, in order to achieve the diversity improvement, our scheme also requires the indices in each row to be different from each other. An example of a mapping table for n = 2 and p 1 = 2 is given in Table 2 . In this example, we can see that the elements in all MM matrices and the corresponding index matrices occur exactly once in each row and each column, which satisfies the property of the well known Latin square [41] . The example of Latin squares with n = 1, . . . , 5 is shown in Table 3 , where L n denotes the number of Latin squares. To modulate the p 1 bits, we only need 2 log 2 (L n ) Latin squares as the legal realizations with p 1 = log 2 (L n ) .
In this paper, we briefly map the p 1 bits to the index matrix J α by the look-up table method (also see the mapping table for n = 3 and p 1 = 3 in Table 4 ). The second part of p 2 bits, namely modulation bits, are used to generate n modulated symbols s α = {s α,1 , . . . , s α,n } with p 2 = n log 2 (M ), which are transmitted over n subcarriers at all time slots. Note that at each time slot, the same modulated symbols are transmitted by following the constellation modes in J α . According to J α (or MM matrix) and s α , the transmitted matrix is given by
After obtaining {X α } g α=1 , the N × n OFDM block matrix over n time slots in the frequency-domain is given by
Applying the N -point IFFT to X α , we obtain the time domain
T with γ ∈ {1, 2, . . . , N }. Finally, after the CP appending and the P/S conversion, the signal matrix is transmitted through a slowly time-varying Rayleigh fading channel over n time slots. Assume that the channel coefficients, which can be characterized as
where ρ represents the number of channel taps, and h ∼ CN (0, 1/ρ) with = 1, 2, . . . , ρ remains constant over n time slots. At the receiver side, by removing the CP from the received signal matrix and applying the N -point FFT, the frequency-domain signal matrix is obtained as
where 
Due to the independence between all groups, the detection of the index matrix and modulated symbols can be performed group by group. Therefore, we only consider the detection for the α-th group by the optimal ML detection
where H α = diag{h α }, h α is the sub-vector of h corresponding to the α-th group, and Y α is the sub-matrix of Y corresponding to the α-th group.
From (14), we see that the computational complexity of the optimal ML detection is of order ∼ O(L n M n ). As shown in Table 3 , it can be found that the number of Latin squares L n with n > 4 is too large, which is impractical for the optimal ML detection. Therefore, in the following, we propose a lowcomplexity detection to solve this problem. To begin with, we express all possible row modes corresponding to the elements of each row in the index matrix as
Obviously, there are n! realizations for n . For example, if n = 3, we have
Alternatively, the set of row modes with n = 4 is given as follows
Note that all rows of the index matrix (all row modes) are selected from n by following the rule of Latin square. Accordingly, we may search each row mode from n individually rather than search the entire 2 p 1 possible candidates of index matrices in the optimal ML detection, which largely reduces the computational complexity. The proposed lowcomplexity detection operates as follows:
-Sort the channel coefficients in h α in a descending order:
. Note that h q 1 is the strongest channel and h q n is the weakest channel for all n subcarriers. -Detect the row mode from the strongest channel h q 1 to the weakest channel h q n by following the order of {q 1 , q 2 , . . . , q n }. Specifically, we first determine the row mode and the modulated symbols at the q 1 -th subcarrier (corresponding to the strongest channel) by calculating the Euclidean distance
where J α (q 1 ), X α (q 1 ) and Y α (q 1 ) denote the q 1 -th row of J α , X α and Y α , respectively. -Find the illegal row modes {r 1 , . . . , r ι } in the light ofĴ α (q 1 ), where ι is the number of illegal row modes in n . Then, we delete the illegal row modes includingĴ α (q 1 ) from n to generate an updated row mode set n . Note that as the modulated symbols have been already estimated in the second step, we only need to detect the row mode for the q 2 -th subcarrier by
-Until the row mode at the q n -th subcarrier is obtained, then the final index matrix J α as well as the estimated modulated symbols are set as the outputs. The procedure of the proposed low-complexity detection with n = 3 is exemplified in Fig. 3. From Fig. 3 , it can be seen that the channels are sorted as |h 2 | > |h 1 | > |h 3 | and the row mode [1 3 2] is first estimated with red color (red tick) from 3 for the second subcarrier (h 2 ) in Step 1. Note that the modulated symbols are also estimated but not shown for brevity. After setting J α (2) = [1 3 2], three row modes 
The information bits can be easily recovered by the demapping of the index matrix and demodulation of the modulated symbols.
IV. PERFORMANCE ANALYSIS AND DIVERSITY IMPROVING SCHEME
In this section, an upper bound on the BER is derived and a diversity improving scheme is propsoed. 
A. UPPER BOUND ANALYSIS
In this subsection, we analytically derive the upper bound on the BER of ST-MM-OFDM-IM. For ease of analysis, we will omit the notation α in the following. In light of (14), the conditional pairwise error probability (PEP) of detectingX when X is transmitted on H can be calculated as
where y i , x i andx i represent the i-th column of Y, X andX, respectively. Applying the Q-function approximation [42] Q(x) ∼ = 1 12 e
the unconditional PEP can be approximated as [23] Pr
where
} is the covariance matrix of H, q 1 = 1/ (2N 0 ) and q 2 = 2/ (3N 0 ). After obtaining the unconditional PEP, an upper bound on BER can be readily derived according to the union bounding technique as [43] 
where N (X →X) measures the number of bits in error between X andX. From (24) , the diversity order of our scheme is [23] d min = min rank{KA}. (25) Note that K becomes a diagonal matrix only and if only the subcarriers are independent. This can be guaranteed by interleaved grouping. Thus, the diversity order only depends on rank{A}. Let E 1 denote the event that only the estimation of the index matrix is incorrect, E 2 denote the event that only the estimation of the modulated symbols is incorrect and E 3 denote the event that the estimations of both the index matrix and modulated symbols are incorrect. By definition, the rank of A can be calculated by
whereĴ α andŝ α are estimations of J α and s α , respectively. From (26) , it can be seen that the diversity order of our scheme is two, which is higher than the unit diversity order of MM-OFDM-IM. This will be verified later in the simulation results.
B. DIVERSITY IMPROVING SCHEME
referring to (25) and (26), it can be found that the error only caused by the modulated symbols (s α =ŝ α ) leads to rank{A} = n while the error caused by the index matrix (J α =Ĵ α ) obtains rank{A} ≥ 2. Therefore, the overall diversity order of ST-MM-OFDM-IM is limited to two, which stems from the error event J α =Ĵ α . According to this fact, we aim to increase the diversity up to n by appropriately enhancing the distance between the index matrices
In this paper, we utilize the computer search to find a new index matrix set achieving the diversity order of t
where t represents the target diversity order with 2 < t ≤ n, κ t is the number of J t α and ω i ∈ [1, 2, . . . , L n ] is the selected index from J α with i = 1, 2, . . . , κ t . Any two index matrices in J t α must satisfy the condition ''rank{A} = t'', which guarantees the diversity order of t.
Taking n = 4 as an example, we have L 4 = 576. Randomly selecting 512 index matrices (Latin squares) with p 1 = 9 bits only obtains the diversity of two in ST-MM-OFDM-IM.
To increase the diversity order up to 4 (t = 4), we obtain a new set as
Note that there are 24 index matrices in J 4 α (κ t = 24). To modulate information bits, only 16 candidates are selected, which leads to p 1 = 4 bits. Moreover, in order to achieve a diversity order of 3 for n = 4, we obtain the resulting J 3 α containing 5 candidates as With respect to J 3 α , 4 out of 5 candidates are used to map p 1 = 2 bits. Compared to the index bits of diversity order of 2, 7 and 5 index bits are reduced in the schemes of diversity orders of 3 and 4, respectively. Accordingly, it can be found that the transmit diversity is expected to improve at the expense of the decreased index bits, which can be attributed to the trade-off between the diversity gain and multiplexing gain. It is worth noting that the index matrix set J t α is not fixed that may be obtained as the different candidates by different searching methods.
V. SIMULATION RESULTS AND ANALYSIS
In this section, we conduct computer simulations to evaluate the BER performance of ST-MM-OFDM-IM systems under the assumption of Rayleigh fading channels and perfect channel estimation. For the sake of simplicity, we denote ''MM-OFDM-IM (n, M ), PSK/QAM'' as the MM-OFDM-IM scheme with n subcarriers and n different M -ary PSK/QAM constellations, ''ST-MM-OFDM-IM (n, M ), PSK/QAM'' as the ST-MM-OFDM-IM scheme with n subcarriers and n different M -ary PSK/QAM constellations in n time slots and ''ST-MM-OFDM-IM (n, M ), PSK/QAM, D( )'' as the diversity improvement scheme of ''ST-MM-OFDM-IM (n, M ), PSK/QAM'' with diversity order of . Assume that the n different M -PSK constellations for ST-MM-OFDM-IM are set as the rotated PSK constellations with n rotated angles, which are given by ''n = 2 with
We (2, 8) , PSK'' with 1.75bps/Hz, both achieve the better performance at the SNR> 15dB and 29dB, respectively. At BER = 10 −3 , it can be seen that ''ST-MM-OFDM-IM (2, 2), PSK'' with 1.25bps/Hz obtains an almost 4dB SNR gain compared with ''MM-OFDM-IM (2, 2), PSK'' with 1.5bps/Hz. Since the SE of ''ST-MM-OFDM-IM (2, 2), PSK'' is less than that of ''MM-OFDM-IM (2, 2), PSK'', it is hard to conclude that our proposed scheme outperforms the conventional MM-OFDM-IM scheme. However, at BER = 10 −4 , the proposed scheme ''ST-MM-OFDM-IM (2, 8) , PSK'' with a greater SE also achieves an about 1.5dB SNR gain with respect to ''MM-OFDM-IM (2, 2), PSK''. Accordingly, we finally find that the ST-MM-OFDM-IM scheme outperforms the conventional MM-OFDM-IM scheme. Additionally, we can see that ''ST-MM-OFDM-IM (3, 16) , PSK'' with 1.667bps/Hz becomes better than ''MM-OFDM-IM (2, 2), PSK'', which further verifies our conclusion. Actually, this is because all ST-MM-OFDM-IM systems achieve the diversity order of two while MM-OFDM-IM systems obtain unit diversity order, which verifies the theoretical analysis in Section IV. On the other hand, we also find that increasing the number of subcarriers n does not change the diversity order. According to the diversity enhancement, it is worth noting that our proposed scheme still outperforms both the conventional OFDM-IM and OFDM schemes. In Fig. 5 , we can see that the proposed detection approaches the optimal ML detection with a small performance loss. Specifically, for the proposed scheme with n = 4 and M = 2, the low-complexity detection only has a less than 1dB performance gap in the high SNR region compared with the optimal ML detection. Besides, the proposed detection method in ''ST-MM-OFDM-IM (4, 2), PSK'' also obtains about 1dB performance loss in the low SNT region, which makes our low-complexity detection more available through all SNRs. Similarly, the low-complexity detection for both ''ST-MM-OFDM-IM (2, 8) , PSK'' and ''ST-MM-OFDM-IM (3, 4), PSK'' still exhibits a small and unchanged performance loss in the entire SNR region. It is worth noting that the small performance loss can be understood since the modulated symbols estimated in Step 1 are iteratively used for determining the row modes in other (n − 1) detection steps, which easily occurs the chained detection error on the index matrix. However, the small performance loss is acceptable for the proposed low complexity detection. when SNR goes to about 18dB. As revealed in Section IV, this diversity improvement comes at a price of loss of index bits.
VI. CONCLUSIONS
In this paper, we have proposed the ST-MM-OFDM-IM scheme, which merges the space time concept into MM-OFDM-IM, to increase the diversity order of MM-OFDM-IM up to two. Unlike MM-OFDM-IM, ST-MM-OFDM-IM transmits the signal matrix (n signal vectors of MM-OFDM-IM) over n time slots, where the index matrix of the signal matrix follows the rule of Latin square. A low-complexity detection method for ST-MM-OFDM-IM has been proposed to mitigate the burden of the optimal ML detection with a small and constant performance loss. An upper bound on the BER has also been studied. In addition, the diversity improving scheme of ST-MM-OFDM-IM has been proposed to achieve the full diversity order of n at the cost of SE. Simulation results have shown that the ST-MM-OFDM-IM scheme significantly outperforms the conventional MM-OFDM-IM scheme in the high SNR region and also shown that the diversity order of ST-MM-OFDM-IM can be improved to n by properly choosing the index matrices. 
